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ABSTRACT
Sediments are a reservoir for many pollutants including polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and metals. As a result, 
sediments can create a long-term toxic exposure for benthic organisms. Chronic 
exposure to low or moderate contamination can cause sublethal responses including 
ecologically important behavioral responses, such as those associated with feeding, 
predator avoidance, and reproduction.
In this study, I investigated the effects of sublethal sediment contamination on 
the burrowing behavior of the infaunal, estuarine amphipod Leptocheirus plumulosus 
Burrowing is an important predator avoidance response for many benthic species and 
thus has implications for survival. Amphipods previously exposed to highly 
contaminated sediments burrowed significantly slower into relatively clean reference 
sediment than previously unexposed amphipods. Both exposed and unexposed 
amphipods avoided burrowing into contaminated sediment. Overall, amphipods 
responded to sediment contamination by increasing the amount of time spent on the 
sediment surface, thereby effectively increasing the risk of predation relative to 
unexposed amphipods burrowing into reference sediment.
Additional lab studies were conducted to assess the degree to which sediment 
contamination influences predator-prey interactions of the killifish {Fundulus 
heteroclitus) and amphipod (L. plumulosus). Amphipods and fish were exposed to a 
series of sediment treatments ranging from moderate to relatively high levels of 
anthropogenic contamination for thirty days. Amphipods and fish maintained in 
exposure systems containing reference sediment during the thirty day exposure were 
termed “previously unexposed”. Animals exposed to sediments of moderate to high 
levels of anthropogenic contamination were termed “previously exposed”. After the 
exposure period amphipods and fish were assigned to experimental chambers 
containing either reference sediment only or a combination of reference sediment and 
sediment of moderate to high levels of anthropogenic contamination!
Mortality of previously unexposed amphipods in experimental chambers 
significantly increased as the level of sediment contamination in the experimental 
chamber increased. Mortality of previously exposed amphipods in experimental 
chambers was significantly lower than mortality of previously unexposed amphipods. 
Migration of previously unexposed amphipods increased in a dose-dependent manner 
with increasing sediment contamination. Previously exposed amphipods were 
significantly less likely to migrate than unexposed amphipods.
Predation was high for all sediment treatments. In experimental chambers 
with previously unexposed fish, previously exposed amphipods were consumed in 
significantly higher numbers than previously unexposed amphipods. No predation 
differences were found between previously unexposed and exposed fish. Even at the 
lowest levels of contamination used in this experiment effects on amphipod behavior 
altered the predator-prey relationship of F. heteroclitus and L. plumulsosus. These 
results have important implications in developing intelligent, effective remediation 
strategies.
SUBLETHAL EFFECTS OF SEDIMENT CONTAMINATION ON AN
ESTUARINE AMPHIPOD
CHAPTER 1: EFFECTS OF SUBLETHAL SEDIMENT CONTAMINATION 
ON THE BURROWING BEHAVIOR OF THE ESTAURINE AMPHIPOD 
Leptocheirus plumulosus
Abstract
Sediments are a reservoir for many pollutants including polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and metals. As a result, 
sediments can create a long-term toxic exposure for benthic organisms. Chronic 
exposure to low or moderate contamination can cause sublethal responses including 
ecologically important behavioral responses, such as those associated with feeding, 
predator avoidance, and reproduction.
In this study, I investigated the effects of sublethal sediment contamination on 
the burrowing behavior of the infaunal, estuarine amphipod Leptocheirus plumulosus. 
Amphipods were maintained over a 90 day experimental period in mesocosms that 
contained sediments that ranged from relatively pristine reference conditions to 
highly contaminated sediments from Chesapeake Bay’s “Regions of Concern.” 
Juvenile amphipods collected from mesocosms every 15 days were used in reburial 
trials. Amphipods exposed to sediments containing relatively high levels of 
anthropogenic contamination were termed “previously exposed” whereas amphipods 
maintained in mesocosms containing reference sediment were termed “previously 
unexposed”.
A reburial trial involved recording the time in seconds required for an 
individual amphipod to burrow below the sediment-water interface after initial 
contact with the sediment surface. Previously exposed amphipods burrowed 
significantly slower into reference sediment than previously unexposed amphipods.
2
Both exposed and unexposed amphipods avoided burrowing into contaminated 
sediment. It was concluded that amphipod burrowing behavior is sensitive to 
sediment contamination. Knowing more about sublethal effects at the organism level 
may begin to explain effects at the population level.
3
Introduction
Pollutant loading is a critical problem for coastal and estuarine ecosystems, 
especially in areas characterized by urbanization and industrialization (Long 2000; 
Boesch et al. 2001). Particular focus has been placed on sediment contamination and 
its effects because sediments function as sinks for anthropogenic contaminants, may 
serve as contaminant sources via sediment re-suspension and diffusion of pore water, 
and support benthic communities (Mitra et al. 1999; Lerberg et al. 2000). As 
repositories for contaminants, sediments become a long-term source of exposure for 
marine organisms even after the contaminant input ceases.
Benthic organisms dwelling in contaminated environments often experience 
adverse effects as a result of pollutant exposure. Recent studies have shown a 
negative correlation between measures of urbanization, including population density 
and pollutant loading and benthic community condition for coastal systems in 
Virginia and South Carolina (Dauer et al. 2000; Lerberg et al. 2000). Sediment 
contamination has the potential to decimate populations, disrupt normal behavior and 
alter community structure. In addition, sediment contamination has been linked to a 
decline in some estuarine fisheries (Nichols et al 1986; Cloem 2000). For these 
reasons, it is important to understand the effects of sediment contamination on 
organisms, ranging from the individual to the community level.
Research over the last two decades has contributed to the development of 
sediment quality test methods and a general understanding of the effects of sediment 
contamination; however, much of the work involved acute toxicity testing using 
sediments with high contaminant concentrations. Acute tests fail to represent systems
4
having levels of contamination too low to cause significant mortality, but high 
enough to elicit sublethal responses. Sublethal responses can be subtle, ecological 
effects such as reduced growth and reproduction and changes in normal behavior 
(Chapman et al. 1983). They generally occur during chronic exposure to low or 
moderate contamination. Measures of sublethal responses should be useful endpoints 
in toxicity testing because they are reflective of changes in important functional 
behaviors, such as those associated with feeding, predator avoidance, and 
reproduction. Behavioral studies have been used for the detection of a number of 
sublethal responses such as the response of fathead minnows to feeding stimuli after 
exposure to pollutants (Lemly and Smith 1986), the disruption of spatial orientation 
by xenobiotics in Daphnia magna (Goodrich and Lech 1990), prevention and 
disruption of precopulatory behavior in the presence of pollutants for Gammarus 
pulex (Pascoe et al. 1994), and the impairment of burrowing behavior of infaunal 
amphipods and clams after contaminant exposure (Swartz et al. 1985; Borlakoglu and 
Kickuth 1990; Phelps 1990). Test methods for the identification of sublethal 
sediment contaminant effects on behavior are not well developed.
The objective of this study was to assess the effects of chronic, sublethal 
exposure to sediment characterized by relatively high levels of anthropogenic 
contaminants on the burrowing behavior of an amphipod, Leptocheirus plumulosus, 
using laboratory mesocosms. The major hypothesis is that previous exposure to 
sediments containing relatively high levels of sediment contamination will result in 
delayed reburial in amphipods relative to amphipods that have been exposed only to 
relatively uncontaminated sediments prior to the experimental trial. The experiments
5
were conducted as part of a larger collaboration (Chesapeake Ecotox Research 
Program (CERP) investigating ecologically significant effects at the individual and 
population level of long-term exposure to low sediment contamination on important 
Chesapeake Bay species.
Quantifying behavioral effects of contaminants on organisms increases the 
sensitivity of toxicity testing, which will enable better identification of contaminated 
sediments than is currently achievable using common assessment approaches. Focus 
can then be placed on remediation of contaminated sites and restoration of quality 
ecosystem function.
Materials and Methods
Site Descriptions
Various sediments from areas characterized by relatively high or relatively 
low levels of sediment contamination were used in the experiments described below 
(Table 1). The Baltimore Harbor system is surrounded by the Baltimore, Maryland 
metropolitan area and is one of three locations in the Chesapeake Bay deemed a 
Region of Concern (ROC) by the Chesapeake Bay Program. Elevated levels of 
metals, polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls 
(PCBs) have been detected in sediments throughout the Baltimore Harbor -  Patapsco 
River system with highest concentrations of contaminants near point sources such as 
industrial effluent pipes and storm water outfalls (Ashley and Baker 1999; McGee et 
al. 1999). For year one, Baltimore Harbor sediments from a site near Stony Creek 
(39° 11' 29" N; 76° 31' 10.5" W) were used and in year two sediments from an Inner
6
Harbor site were used (39° 16' 40" N; 76° 35' 00" W). Contaminant profiles are given 
in Table 2.
Also used in year two was sediment from the Atlantic Wood site (36° 48' 10" 
N; 76° 17' 20" W) in the Elizabeth River, Virginia (Region of Concern). The 
Elizabeth River has been influenced by human activities since the colonial period. It 
is now characterized by urbanization as well as heavy industrial, commercial and 
military use. Metals, PCBs and PAHs are elevated throughout the river system with 
hot spots occurring in areas associated with industry and the military. Atlantic Wood 
sediment in particular has very high concentrations of PAHs and other creosote 
derivatives as a result of wood treatment activities (Table 4). Atlantic Wood has been 
found to be highly impacted, with lower species diversity and abundance than 
reference sites and the presence of pollution indicative species (US EPA 2002). 
Concentrations of PAHs and some metals are well above the Effects Range-Median 
(ER-M) established by Long et al. 1995 (Table 4).
Fishing Bay sediment was used as the reference sediment in the mesocosm 
experiments. Fishing Bay is tributary of the mid-eastern Chesapeake Bay (38° 19'
30" N; 76° 00' 30" W) and is surrounded by the Fishing Bay Wildlife Management 
Area maintained by the Department of Natural Resources of the state of Maryland. 
The bay is characterized by extensive marshes and forests. Contaminant profiles for 
Fishing Bay show concentrations well below Effects Range-Low (ER-L) (Table 4).
Thorntons Creek (TC) sediment was used in additional experiments conducted 
at VIMS and CBL. No contaminant data was available for Thorntons Creek sediment 
however the collection site has been used as a reference site in bioaccumulation
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studies conducted by the EPA and to culture Leptocheirus plumulosus in the lab (Ho 
personal communication; Schaffner personal communication). Thorntons Creek is a 
tributary of the Severn River, VA. The sediment collection site is relatively isolated 
in a watershed characterized by forests, small farms and a few single family 
residences.
York River sediments were collected near Kings Creek and used as the control 
sediment for a preliminary study. Kings Creek was recently used as a reference site 
for the Elizabeth River, Atlantic Wood Industries Risk Assessment (US EPA 2002). 
Metals were present but in concentrations at or below the ER-L (Table 5).
Year one Stony Creek, Baltimore Harbor (BHSC) was not diluted before 
addition to mesocosms. Sediment used in year two Baltimore Harbor, Inner Harbor 
(BHIH) and Atlantic Wood (AW) sediments were diluted by volume with Fishing 
Bay sediment to produce a contaminant gradient.
Sediment Toxicity
The Stony Creek site was found to be one of the least acutely toxic sites in the 
Baltimore Harbor-Patapsco River system with 100% survival of Leptocheirus 
plumulosus during 10 day acute sediment toxicity tests (McGee et al. 1999) (Table 6). 
The Inner Harbor site was found to be a highly toxic site with only 53.0% mean 
survival of L. plumulosus during 10 d toxicity tests (McGee et al. 1999) (Table 6). 
Atlantic Wood full, 50% and 20% dilutions caused >40% mortality, whereas 80% 
survival was recorded in the one tenth dilution (Table 6).
Table 1. Name, location and experimental function of sediments.
Test Sediment Location Experiment Function
Baltimore
Harbor
Stony Creek 
39° 11' 29" N 
76° 31’ 10.5" W
Reburial 1 Sediment for mesocosms and exposure systems
Preliminary Used in reburial cups for preliminary study
study
Inner Harbor 
39° 16' 40" N 
76° 35' 00" W
Reburial 2 Sediment for mesocosms
Diluted with Fishing Bay sediment by volume to 50% and 10%
Elizabeth River Atlantic Wood 
36° 48' 10" N 
76° 17’ 20" W
Reburial 2 Sediment for mesocosms
Diluted with Fishing Bay sediment by volume to 50% and 10%
Fishing Bay Fishing Bay, 
MD
38° 19’ 30" N 
76° 00' 30" W
Reburial 1 Reference sediment for mesocosms 
Reburial 2
Thorntons Creek Severn River, 
VA
3 7 °1 7 '1 5 "N 
76° 27’ 00" W
York River Queens Creek
37° 16' 30" N 
76° 35’25" W
Reburial 1 Used in Reburial Assays
Reburial 2
Preliminary
study
Preliminary Reference sediment for exposure systems 
study
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Table 3. Metal profiles for BHSC sediment used in mesocosms for Reburial 1 
and parallel study. Bold indicates concentrations greater than the Effects Range- 
Median. BDL = Below detection limit. All values given in pg/kg dry weight. 
Data from (McGee et al. 1999).
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Mesocosms
The Chesapeake Ecotox Research Program used mesocosms as exposure 
systems. Amphipods used in the reburial experiments were obtained from the CERP 
mesocosms. Mesocosms were constructed and maintained at Chesapeake Biological 
Laboratory, University of Maryland, Solomon’s Island, MD for use in CERP. 
Mesocosm design for the first year of experiments consisted of six fifty-gallon flow 
through aquaria (90x45x45cm) fed by a common header tank with filtered seawater. 
Six square glass trays (20x20x5cm) containing sediment were placed in each 
aquarium. Sediment was added to tanks until flush with the tops of the trays to fill all 
gaps. Three aquaria contained Fishing Bay (FB) reference sediment and three aquaria 
contained sediment from Stony Creek in Baltimore Harbor (BHSC). Filtered 
seawater was allowed to flow through tanks for two weeks before amphipods were 
added. Approximately 6,000 amphipods were added to each tank. The flow was 
turned off during this process to avoid trapping animals in the surface tension. Flow 
was resumed one hour after gently pouring amphipods into the tanks.
For the second year, mesocosms consisted of sixteen twenty-gallon (76.2 x 
30.5 x 33 cm) flow through aquaria each containing six glass dishes (14 x 6.4 cm) for 
sediment. The dishes and aquaria were filled with sediment as described for year one. 
Seven sediment treatments were used: 4 tanks with Fishing Bay (FB) reference 
sediment, 2 tanks with Atlantic Wood (AW) sediment, 2 tanks with Baltimore 
Harbor, Inner Harbor (BHIH) sediment, 2 tanks with 50% dilution AW sediment, 2 
tanks with 50% dilution BHIH sediment, 2 tanks with 10% dilution AW sediment,
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and 2 tanks with 10% dilution BHIH sediment. Dilutions were produced by mixing 
FB sediment with AW and BHIH sediment to the desired proportions. Filtered 
seawater flowed through the tanks for one week prior to amphipod addition. 
Approximately 400 amphipods were gently poured into each tank with the flow 
turned off.
Test Species
The estuarine amphipod Leptocheirus plumulosus was used as the test species 
for this study. L. plumulosus has been evaluated and approved for use as a test 
species in acute (EPA and U.S. Army Corps of Engineers 1991) as well as chronic, 
sublethal (Emery et al. 1997) toxicity tests.
Amphipod Collection
Amphipods for two experiments were collected at Back Creek, Solomons 
Island, MD with a benthic sled. The animals were gently rinsed using a 250pm 
screen to remove sediment. Amphipods were kept in containers of ambient seawater 
and detritus until addition to mesocosms.
Mesocosm Care & Sampling
Mesocosm sampling occurred approximately every fifteen days over a ninety- 
day exposure period (year one: 12 June to 11 September 2000 and year two: 28 June 
to 26 September 2001).
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Amphipods were fed T. weiss algal paste slurry every other day at 2 
mg/individual during year one. Year two amphipods were fed T. iso algae every 
other day at 20 mg/individual. Flow was turned off for one hour to allow feeding. 
Temperature, salinity and DO were monitored daily throughout the experiment.
Hereafter, behavioral studies conducted during year one and year two of 
CERP are referred to as Reburial Assay 1 (R l) and Reburial Assay 2 (R2) 
respectively. On each sampling day, a tray was randomly selected from each tank 
and the contents were passed through a series of nested sieves in order to separate the 
various size classes. Although the number of observations varied based on amphipod 
availability, the goal was to use 15 juveniles from each tank for R l trials and 20 
juvenile amphipods from each tank for R2 trials. Sample sizes were not always large 
enough to allow for a balanced number of trials.
Estimating contaminant stress
Because the contaminant composition and concentration differed among 
sediment treatments, a mean sum effects range-median quotient (SERMQ) was 
calculated for each sediment. The SERMQ is a metric for estimating contaminant 
stress to organisms posed by sediments containing a complex mixture of 
contaminants. The mean SERMQ was calculated using the following equation.
Mean SERMQ = 1 / — — —
[ER -  Mi]
Where [C;] is the concentration of a contaminant in the sediment and [ER-M*] is the 
effects range-median of the contaminant. N  is the number of contaminants.
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Reburial Assay Protocol
Only juvenile amphipods were used in reburial trials. Juveniles are defined as 
individuals retained on a 500pm sieve after passing through 1.1mm screen.
Sediment was collected from Thorntons Creek three days prior to the reburial 
assay. Reburial chambers were prepared by adding 40 ml of Thorntons Creek 
sediment to 60 ml cups. After filling, the reburial chambers were carefully submersed 
into plastic tubs of flowing filtered seawater for 48 hours. Twenty-four hours prior to 
the test, the tubs were drained and refilled with seawater adjusted to the salinity and 
temperature of the mesocosms and gently aerated. On the morning of the assay, the 
tubs were drained half way and transported to the test lab.
Juvenile amphipods for the assay were collected from each mesocosm and 
maintained in glass finger bowls containing ambient seawater. An amphipod was 
randomly selected from a holding dish for an individual trial using a plastic pipette 
and released into the center of a test chamber just below the surface of the water. The 
time required for the amphipod to burrow below the sediment-water interface after 
initial contact with the sediment surface was measured with a stopwatch and recorded 
in seconds as the reburial time. A new reburial chamber was used for each trial.
Preliminary Study
A preliminary reburial experiment was conducted at VIMS in conjunction 
with the year one mesocosm studies. Amphipods from Queens Creek were held in 
exposure systems containing either Queens Creek (reference) or BHSC sediment for 
18 days. BHSC was the sediment used in year one mesocosms. The cultures were
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static renewal with a 60% water change and feeding (2mg T. Weiss algal cells 
/amphipod) occurring every other day. After 18 days, the exposure systems were 
sampled as in the R l and R2 mesocosm studies. Juveniles were collected and 
individually used in reburial trials. Reburial chambers were prepared as above. 
Reburial chambers were prepared with both Thorntons Creek and BHSC sediments. 
Amphipods from both the Queens Creek and BHSC exposures were allowed to 
burrow into reburial chambers containing either Thorntons Creek or BHSC sediment. 
Reburial trials followed the same reburial protocol described earlier.
Statistical Analysis
Reburial time data was analyzed using time to event analysis in SAS. Time to 
event analysis was performed with PROC LIFEREG. Akaike’s information criterion 
was calculated using the log likelihood estimate in order to determine the best fit 
distribution for modeling the reburial data. The log logistic distribution was the best 
fit.
Results
Mesocosm population trends
Mesocosm population trends indicate no significant differences in mortality 
among Fishing Bay sediment and BHSC, AW 10% and BHIH 10% sediments (Figs.
1 and 2). High mortality was observed in AW full and 50% as well as BHIH full and 
50% sediments during year 2 (Fig. 2).
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Figure 1. Mean number of juvenile amphipods cm' for Fishing Bay (reference) and 
BHSC mesocoms used in Reburial 1. Error bars are SE. (Miller and Davis 
unpublished).
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Figure 2. Mean number of juvenile amphipods cm' over the entire sampling period 
for Fishing Bay (reference), BHIH and AW mesocoms used in Reburial 2. The x-axis 
indicates the dilution of BHIH and AW sediment. Error bars are SE. (Miller and 
Davis unpublished).
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Reburial Assay 1
Median times to burrow (seconds) of R l amphipods for each sampling day 
and over all sampling days are given in Table 7. Amphipod reburial times were 
significantly longer for amphipods from BHSC mesocosms than amphipods from FB 
mesocosms on sampling days 15 (x2 7.42, p=0.0064), 30 (x2 17.18, p=0.0001), 45 (x2 
5.96, p=0.0146) and 76 (x2 12.06, p=0.0005) (Table 8, Fig. 3). Analysis indicates a 
decrease in BHSC reburial times over the experimental period (x 19.1, p<0.0001) 
(Table 9). There was no effect on FB reburial times over the experimental period (x2 
1.36, p=0.2435) (Table 9). Decreases at day 59 in FB and BHSC amphipod reburial 
times coincided with a population crash in all mesocosms after day 45. Amphipod 
reburial times for all sampling days combined indicated a significant effect of 
sediment treatment on reburial times (x2 18.29, p<0.0001) (Table 10, Fig. 4).
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Table 7. Median time to burrow (MTTB) in seconds and standard
error of R l amphipods from Fishing Bay and BHSC mesocosms.
Sediment T reatm ent Sampling Day N M TTB SE
Fishing Bay 15 35 9.5 1.2
30 45 6.1 0.6
45 45 10.2 1.1
59 45 4.6 0.4
76 42 3.9 0.4
90 18 4.5 0.6
All 229 6.2 0.3
BHSC 15 37 15.5 2
30 45 11.5 1.4
45 45 15.5 2
59 45 4.1 0.4
76 45 6.5 0.7
90 25 5.2 0.6
All 242 8.6 0.5
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Table 8. Time to event analysis comparing reburial times of
Fishing Bay and BHSC amphipods for each sampling day.
Sampling Day df Estimate SE P
15 1 0.48 0.178 7.42 0.0064
30 1 0.64 0.153 17.18 <0.0001
45 1 0.42 0.172 5.96 0.0146
59 1 -0.11 0.122 0.8 0.3721
76 1 0.51 0.148 12.06 0.0005
90 1 0.15 0.174 0.7 0.4037
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Table 9. Results of time to event analysis for differences of reburial times within 
treatments (Fishing Bay and BHSC) over the exposure duration, p values <0.05 are 
in bold. A significant p value for the intercept indicates the model was satisfied.
V ariable d f Estim ate SE P
Fishing Bay
Intercept 1 2.43 0.16 217.59 <0.0001
sampling day (exposure duration) 1 -0.004 0.003 1.36 0.2435
scale 1 1.04 0.04
BHSC
Intercept 1 3.58 0.19 359.86 <0.0001
sampling day (exposure duration) 1 -0.01 0.003 19.1 <0.0001
scale 1 1.21 0.05
26
Table 10. Time to event analysis for an effect of sediment treatment on 
reburial times for R l. Bold p values indicate significance at alpha = 
0.05. . A significant p value for the intercept indicates the model was 
satisfied.
Variable d f Estim ate SE X2
Intercept
Sediment Treatment 
Fishing Bay 
BHSC 
Scale
1.81
0.34
0
0.4592
0.054
0.08
0
0.03167
1144.67 <0.0001
18.29 <0.0001
18.29 <0.0001
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Figure 3. Median time to burrow (MTTB) in seconds for amphipods from Fishing 
Bay and BHSC mesocosms for each sampling day over the exposure period. Error 
bars are SE.
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Figure 4. Overall median times to burrow (MTTB) in seconds for amphipods from 
Fishing Bay and BHSC mesocosms. Error bars are SE. The asterisk indicates 
significant difference between treatments at alpha=0.05.
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Reburial Assay 2
High mortality occurred in all BHIH and AW full and 50% mesocosm 
treatments. Because of this, amphipods for reburial trials were obtained from three 
treatments, Fishing Bay (FB), BHIH 10%, and AW 10%.
Median times to burrow (seconds) of R2 amphipods for each sampling day 
and over all sampling days are given in Table 11. FB amphipod reburial times were 
significantly shorter than BHIH 10% amphipod reburial times on sampling days 32 
(X2 18.38, p<0.0001) and 46 (x2 15.91, p<0.0001) and significantly shorter than AW 
10% amphipod reburial times on days 32 (x2 17.12, p<0.0001) and 60 (x2 18.25, 
p<0.0001) (Table 12, Fig. 5). AW10% and BHIH 10% reburial times rarely differed. 
AW 10% amphipod reburial times were significantly shorter than BHIH 10% 
amphipod reburial times on day 46 (x2 3.88, p=0.0487) and on day 60 BHIH 10% 
amphipod reburial times were significantly shorter than AW 10% amphipod reburial 
times (x2 5.77, p=0.0163) (Table 12, Fig. 5). A significant effect of sampling day on 
reburial times was observed for FB (x2 6.43, p=0.0112) and BHIH 10% (x2 5.53, 
p=0.0187) sediment treatments with an increase in reburial times over the exposure 
period (Table 13). There was no effect of sampling day on AW 10% amphipod 
reburial times (x2 2.31, p=0.1282) (Table 13). Amphipod reburial times for all 
sampling days combined indicated a significant effect of sediment treatment on 
reburial times (x2 38.74, p<0.0001) with FB amphipods burrowing faster than BHIH 
10% (x2 28.56, p<0.0001) and AW 10% (x2 21.83, p<0.0001) amphipods (Table 14, 
Fig. 6). For all sampling days combined, BHIH 10% and AW 10% amphipod 
reburial times did not differ (x2 0.06, p=0.8073).
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Table 11. Median time to burrow in seconds and standard error of R2
amphipods from Fishing Bay, BHIH 10% and AW 10% mesocosms.
Sediment Treatment Sampling Day N MTTB SE
Fishing Bay
BHIH 10%
AW 10%
15 55 6.1 0.4
32 77 4.4 0.2
46 77 4.7 0.2
60 73 5.1 0.3
75 43 5.5 0.4
90 45 6.8 0.5
All 370 5.2 0.1
15 33 6.3 0.5
32 39 5.9 0.3
46 40 6.6 0.5
60 27 5.7 0.6
75 16 7.0 1.0
90 29 8.2 0.7
All 184 6.5 0.2
15 19 6.1 0.6
32 38 6.0 0.4
46 19 5.3 0.5
60 38 7.7 0.6
75 24 6.5 0.6
90 7 7.2 1.3
All 145 6.4 0.2
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Table 12. Time to event analysis comparing reburial times of R2 amphipods from FB,
BHIH 10% and AW 10% mesocosms for each sampling day.
Sampling Day Comparison df Estimate SE *2 P
15 BHIH 10% vs FB 1 0.03 0.1 0.12 0.7321
AW 10% vs FB 1 0.003 0.12 0.0005 0.9815
BHIH 10% vs AW 10% 1 0.03 0.13 0.06 0.8048
32 BHIH 10% vs FB 1 0.29 0.07 18.38 <0.0001
AW 10% vs FB 1 0.31 0.07 17.12 <0.0001
BHIH 10% vs AW 10% 1 -0.01 0.08 0.03 0.8573
46 BHIH 10% vs FB 1 0.34 0.08 15.91 <0.0001
AW 10% vs FB 1 0.11 0.11 1.09 0.2957
BHIH 10% vs AW 10% 1 0.23 0.12 3.88 0.0487
60 BHIH 10% vs FB 1 0.11 0.11 0.97 0.325
AW 10% vs FB 1 0.41 0.09 18.25 <0.0001
BHIH 10% vs AW 10% 1 -0.3 0.13 5.77 0.0163
75 BHIH 10% vs FB 1 0.23 0.16 2.15 0.143
AW 10% vs FB 1 0.16 0.12 1.68 0.1954
BHIH 10% vs AW 10% 1 0.07 0.17 0.17 0.6806
90 BHIH 10% vs FB 1 0.18 0.11 2.7 0.1006
AW 10% vs FB 1 0.05 0.19 0.08 0.7758
BHIH 10% vs AW 10% 1 0.13 0.2 0.41 0.5221
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Table 13. Results of time to event analysis for differences of reburial times within
treatments (Fishing Bay, BHIH 10% and AW 10%) over the exposure duration, p 
values <0.05 are in bold. A significant p value for the intercept indicates the model 
was satisfied.
Variable df Estimate SE P
Fishing Bay
Intercept 1 1.52 0.06 751.13 <0.0001
sampling day (exposure duration) 1 0.003 0.001 6.43 0.0112
scale 1 0.26 0.01
BHIH 10%
Intercept 1 1.71 0.07 528.69 <0.0001
sampling day (exposure duration) 1 0.003 0.001 5.53 0.0187
scale 1 0.27 0.02
AW 10%
Intercept 1 1.72 0.1 300.05 <0.0001
sampling day (exposure duration) 1 0.003 0.002 2.31 0.1282
scale 1 0.29 0.02
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Table 14. Time to event analysis for an effect of sediment treatment on 
amphipod reburial times for R2. Bold p values indicate significance at 
alpha = 0.05. A significant p value for the intercept indicates the model 
was satisfied.
_______ V ariable________ df Estim ate SE /2 ________p
Intercept 1 1.65 0.02 4692.22 <0.0001
Sediment Treatment 2 38.74 <0.0001
Scale 1 0.27 0.009
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Figure 5. Median time to burrow (MTTB) in seconds of amphipods from Fishing 
Bay, BHIH 10% and AW 10%) mesocosms for each sampling day over the exposure 
period. Error bars are SE.
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Figure 6. Overall median times to burrow (MTTB) in seconds for amphipods from 
Fishing Bay, BHIH 10% and AW 10% mesocosms. Error bars are SE. MTTB bars 
with different letters are significantly different at alpha=0.05.
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Preliminary Study
Median times to burrow (MTTB) for the preliminary study are given 
in Table 15. Amphipods cultured on BHSC sediment demonstrated increased MTTB 
relative to amphipods cultured on York River sediment (%2 14.12, p=0.0002) when 
offered Thorntons Creek sediment in reburial chambers (Table 16, Fig. 7). Sediment 
treatment significantly affected burrowing with both amphipod groups showing 
strong avoidance of BHSC sediment as compared to amphipods burrowing into 
Thorntons Creek (TC) sediment (Fig. 7). There was no difference between reburial 
times of previously unexposed and exposed amphipods burrowing into BHSC 
sediment (%2 0.08, p=0.7760) (Table 16).
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Table 15. Median time to burrow (MTTB) in seconds and 
standard error for a preliminary study in which amphipods 
cultured on York River or BHSC sediments where then 
allowed to burrow into Thorntons Creek or BHSC sediments.
A m phipod Sediment N M TTB SE
Unexposed Thorntons Creek 40 3.8 0.5
BHSC 39 197.5 25.0
Exposed Thorntons Creek 40 7.3 0.9
BHSC 37 188.0 25.0
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Table 16. Time to event comparisons of amphipods cultured on York River 
(unexposed - UA) or BHSC (exposed - EA) burrowing into Thorntons (TC) and 
BHSC sediments.
Com parison d f Estim ate SE P
UA-TC vs UA-BHSC 1 3.94 0.172 525.24 <0.0001
UA- TC vs EA- TC 1 0.65 0.172 14.21 0.0002
UA- TC vs EA-BHSC 1 3.89 0.177 485.9 <0.0001
UA-BHSC vs EA- TC 1 3.29 0.178 345.03 <0.0001
EA-BHSC vs UA-BHSC 1 0.05 0.181 0.081 0.776
EA- TC vs EA-BHSC 1 -3.25 0.181 318.54 <0.0001
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Figure 7. Median time to burrow (MTTB) in seconds of unexposed (UA) and 
exposed amphipods (EA) burrowing into Thorntons Creek and BHSC sediments. 
Error bars are SE. MTTB bars with different letters are statistically different at 
alpha=0.05.
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Sediment stress comparison
To allow comparisons of potential contaminant stress for the complex 
mixtures found in the various test sediments, the mean ER-M quotient for each 
sediment type is presented (Figs. 8 - 10). AW and BHIH full and 50% treatments 
ranked highest for PAHs/PCBs and Total contaminants (Figs. 8 and 10). AW 10%, 
BHIH 10% and BHSC sediments ranked in the mid-range for PAH’s/PCB’s and Total 
contaminants (Figs. 8 and 10). However, for metals BHSC sediment ranked third just 
below AW and BHIH full sediments (Fig. 9). BHIH 10% and AW 10% ranked sixth 
and seventh respectively (Fig. 9).
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Figure 8. Mean PAH/PCB effects range-median (ER-M) quotient for all mesocosm 
sediment treatments. Error bars are SE.
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Figure 9. Mean metals effects range-median (ER-M) quotient for all mesocosm 
sediment treatments. Error bars are SE.
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Figure 10. Mean total contaminant effects range-median (ER-M) quotient for all 
mesocosm sediment treatments. Error bars are SE. Total contaminant ER-M quotient 
refers to PAHs, PCBs and metals combined.
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Discussion
The results of these experiments indicate that the burrowing behavior of the 
amphipod Leptocheirus plumulosus is affected by exposure to sediments containing 
high levels of anthropogenic contaminants. Although sublethal effects are widely 
used in toxicity testing, the use of behavioral responses to assess contaminant 
exposure, especially with invertebrates is still uncommon. The few studies that have 
investigated the influence of contaminant exposure on behavior have shown adverse 
effects such as precopulatory behavior in the amphipod Gammarus pwlex (Goodrich 
and Lech 1990) and swimming performance in the water flea Daphnia (Dodson and 
Hanazato 1995). For this study, exposure to sediment contamination in all three 
experiments adversely affected the burrowing behavior of juvenile amphipods by 
increasing the time required for an exposed amphipod to burrow below the sediment- 
water interface as compared to amphipods that were not previously exposed to 
sediments with high levels of anthropogenic contaminants. Significant effects on 
reburial time occurred in all contaminated sediment treatments when mean stress 
levels, as indexed by the mean ER-M quotient, were less than one. When the mean 
ER-M quotient was greater than one, mortality, rather than sublethal behavioral 
changes, was the major effect.
Behavioral studies such as those listed above typically focus on the effects 
associated with a particular contaminant. In natural systems, sediments contain a 
complex mixture of contaminants that vary spatially within a given system and 
between systems. By using whole sediments at varying concentrations, the
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mesocosms were more representative of natural exposure than experiments using a 
single contaminant. My results suggest that burrowing behavior may reflect these 
differing sediment compositions. Reburial impairment in R1 was more pronounced 
than in R2, which may be the result of elevated metal contamination in relation to R2 
sediments. Metals at sublethal concentrations have been shown to cause a wide 
variety of behavioral effects in invertebrates. The mussel Anodonta cyngea 
responded to sublethal concentrations of aluminum by reducing the mean duration of 
shell opening by 50% relative to unexposed mussels (Kadar et al. 2001). Grazing 
activity of three copepod species significantly decreased at sublethal levels of copper 
demonstrating a contaminant sensitive behavioral response (Sharp and Steams 1997). 
Identifying a particular casual agent in whole sediments is practically impossible; 
however, continued assessment of reburial behavior in conjunction with the ER-M 
quotient for an array of sediments may allow behavioral impairment to be correlated 
with certain groups and concentrations of contaminants.
The pronounced burrowing impairment observed in R1 may have been 
affected by food limitation. Food limitation could have interfered with normal 
functioning by decreasing amphipod ability to combat contaminant stress and by 
increasing contaminant exposure by forcing changes in feeding behavior. However, 
this effect was unlikely to be important during the early phases of the experiments 
when amphipod densities were relatively low and food availability was high on a per 
capita basis. Thus, we conclude that the main affect of food limitation in this 
experiment was likely a shift from stress-induced behavioral changes to mortality of
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individuals. This shift may be common for species like Leptocheirus plumulosus that 
typically exhibit boom and bust cycles in their populations (Marsh and Tenore 1990).
Also important was the effect of sediment contamination on unexposed 
amphipods. In the parallel study, unexposed amphipods showed strong avoidance of 
Baltimore Harbor sediment despite relatively low contaminant concentrations.
Kravitz et al. 1999 showed the amphipod Eohaustorius estuaries preferentially 
avoided sediments containing PAHs to burrow into relatively uncontaminated 
sediments. It seems likely that, both avoidance behaviors and mortality are 
responsible for the sparse to absent populations of L. plumulosus documented in areas 
characterized by sublethally contaminated sediments.
Conclusion
Two types of effects were identified during this study: 1) behavior impairment 
and 2) behavior modification. Behavior impairment is defined as abnormal behavior 
resulting from contaminant exposure. This group was composed of the amphipods, 
which due to previous exposure to sediments containing relatively high levels of 
anthropogenic contaminants exhibited abnormal burrowing behavior evidenced by 
prolonged reburial times relative to unexposed amphipods (R l, R2 and preliminary 
study). Behavior modification is defined as abnormal behavior in response to 
contaminant presence. Behavior modification can result with or without prior
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contaminant exposure. An example from this study is the avoidance of BHSC 
sediments by amphipods, regardless of their previous exposure history.
Through these two types of behavioral effects sediment contamination may 
indirectly influence mortality by increasing the susceptibility of amphipods to other 
ecological risks such as predation (See Chapter 2).
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CHAPTER 2: EFFECTS OF SUBLETHAL SEDIMENT 
CONTAMINATION ON THE PREDATOR-PREY INTERACTIONS 
OF THE MUMMICHOG {F u n d u lu s  h e te r o c l i tu s ) AND THE 
ESTUARINE AMPHIPOD (.L e p to c h e ir u s  p lu m u lo s u s )
Abstract
The degree to which sediment contamination influences predator-prey 
interactions of the killifish (Fundulus heteroclitus) and amphipod {Leptocheirus 
plumulosus) was investigated. Amphipods and fish were exposed to a series of 
sediment treatments ranging from relatively low to relatively high levels of 
anthropogenic contamination for thirty days. Amphipods and fish maintained in 
exposure systems containing reference sediment during the thirty day exposure were 
termed “previously unexposed”. Animals exposed to sediments of relatively low to 
high levels of anthropogenic contamination were termed “previously exposed”. After 
the exposure period amphipods and fish were assigned to experimental chambers 
containing either reference sediment only or a combination of reference sediment and 
a sediment of relatively low to high levels of anthropogenic contamination.
Mortality of previously unexposed amphipods in experimental chambers 
significantly increased as the level of sediment contamination in the experimental 
chamber increased. Mortality in experimental chambers of previously exposed 
amphipods was significantly lower than mortality of previously unexposed 
amphipods. Migration of previously unexposed amphipods increased in a dose- 
dependent manner with increasing sediment contamination. Previously exposed 
amphipods were significantly less likely to migrate than unexposed amphipods.
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Predation was high for all sediment treatments. In experimental chambers 
with previously unexposed fish, previously exposed amphipods were consumed in 
significantly higher numbers than previously unexposed amphipods. No predation 
differences were found between previously unexposed and exposed fish. Sublethal 
effects on amphipod behavior altered the predator-prey relationship of F. heteroclitus 
and L. plumulsosus. These results provide new insight regarding the effects on both 
predator and prey in sediments with relatively moderate levels of anthropogenic 
contamination. Additionally this project investigated the role of trade-offs in 
response to sediment contamination, which may be an important mechanism leading 
to effects at the population and community levels but is poorly understood.
Even at the lowest levels of contamination used in this experiment effects on 
amphipod behavior altered the predator-prey relationship of F. heteroclitus and L. 
plumulsosus. This result has significant implications in developing intelligent, 
effective remediation strategies.
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Introduction
Aquatic sediments are a sink for anthropogenic contaminants and act as a long­
term source of contaminant exposure to marine organisms even after contaminant inputs 
to a system cease (Burton, 1991). Organisms inhabiting anthropogenically altered 
environments are subject to adverse effects. As a result, much research effort has been 
applied to identifying and characterizing polluted environments and assessing the toxic 
effects of various contaminants on individual organisms and communities. Such research 
has shown that polluted systems often have degraded communities relative to reference 
systems, and that toxic effects on individuals range from sublethal effects to acute 
lethality. Lacking is the ability to specifically relate contamination as the sole cause of 
ecosystem degradation or to extrapolate effects observed at the individual level to 
population and community level effects (Suter 1993; Dickson 1995).
Common to most ecosystems is the role of species interactions in shaping the 
community (Menge and Sutherland 1987). Contaminants may alter species interactions, 
thus changing community composition. Investigating the changes in species interactions 
induced by contaminants and the outcome of these changes is more predictive of 
ecosystem level impact than single species toxicity tests (Cairns 1983; Sandheinrich and 
Atchinson 1990; Clements 1997). In addition, some studies have shown significant 
effects on species interactions at lower contaminant concentrations than shown to be 
toxic in single species studies, suggesting higher sensitivity of multi-species tests (Ham, 
Quinn and Pascoe 1995; Carman and Todaro 1996; Kiffney 1996).
Species interactions are typically governed by important behaviors such as those 
associated with foraging, predator avoidance and reproduction, as these behaviors affect
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predator-prey relationships and competition. For this reason, many investigations have 
focused on how behavioral changes in either the predator or prey affect their interactions. 
Harmful behavioral responses caused by contamination affecting predator-prey 
relationships include disrupted predator detection by prey, increased prey 
conspicuousness, impaired predator escape/avoidance response, altered prey selection 
and depressed prey capture and handling ability (Mesa et al. 1994; Weis et al. 1999).
The interaction between predator and prey is an important mechanism structuring 
some marine communities (Paine 1974; Knowlton and Highsmith 2000). Growth and 
survival of individuals depend upon their ability to capture prey or to avoid predation. It 
follows that effects of contaminants on predator-prey interactions can affect community 
structure, yet it is not clear in which direction and to what extent contaminants affect 
predator-prey relationships.
The objective of this study was to examine the influence of sublethal sediment 
contamination on the predator-prey interaction of the killifish (Fundulus heteroclitus) and 
the infaunal amphipod {Leptocheirus plumulosus), including the ability of prey to assess 
and avoid predation, trade-offs between the risks of sediment contamination and 
predation, and predator ability to capture prey.
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Materials and Methods
Overall experimental design
The experimental design consisted of four sediment treatments, two prey 
(amphipod) treatments and three predator (fish) treatments. Each treatment was 
combined where applicable for a total of twenty treatments and replicated three times 
(Table 1).
Table 1. Treatment regime for predator-prey interaction experiments. The 
first row indicates the sediment treatment. NF= No Fish UF= Previously 
Unexposed Fish EF= Previously Exposed Fish UA= Previously Unexposed 
Amphipod EA= Previously Exposed Amphipod. An X delineates which 
treatments were used in the experimental system. A blank indicates the 
treatment was not included in the experimental system or no amphipods 
were available due to high mortality in exposure cultures.
Queens Creek 7.5% AW 15% AW 30% AW
NF, UA X X X X
NF, EA X
UF, UA X X X X
UF, EA X
EF, UA X X X X
EF, EA X
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Sediment collection and handling
Sediments were collected from the following sites, Atlantic Wood (AW), 
Elizabeth River, VA and the control site Queens Creek (QC) a tributary of the York 
River, VA on 13 January 2003 (See Chapter 1 for sire details). After collection, sediment 
dilutions for use in the experiments were prepared by mixing the desired proportions of 
AW sediment with QC sediment. The dilution mixtures were homogenized by stirring 
for 15 minutes. The sediment was put into five gallon buckets and frozen at -80°C for 24
o
hrs. The sediments were then removed and stored at 4 C until use. Before use in 
experiments, the sediments were again homogenized. Samples of each dilution were 
taken for grain size analysis.
Sediment treatments
The four sediment treatments were dilutions of Atlantic Wood that resulted in 
final concentrations of 30%, 15% and 7.5 % AW sediment in a mixture with sediment 
from a Queens Creek. Atlantic Wood is a former wood treatment facility on the 
Elizabeth River, Virginia. High concentrations of creosote compounds (polycyclic 
aromatic hydrocarbons (PAHs) and nitrogen, sulphur and oxygen heterocyclics) are 
associated with the estuary sediments in the vicinity of this site (Sved et al 1997; Padma 
et al 1998; Hall et al 2002). The contaminant distributions in the QC sediment have not 
been measured, but these sediments were routinely used for culturing LP during the 
course of this study, with no obvious adverse effects. Dilutions for the experiment 
described in the present study were prepared by mixing the desired proportion of AW
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sediment with Queens Creek sediment. These dilutions were chosen based on results 
from other studies in which a 50% dilution of AW sediment resulted in complete 
mortality of L. plumulosus before 30 days of exposure (Miller and Davis, personal 
communication). Since my objective was to assess sublethal effects, lower dilutions were 
chosen. Contaminant profiles indicate the 15% and 30% AW dilutions to have had PAH 
concentrations three and six times the Effects Range- Median (ER-M) respectively (Table 
2). The 7.5% AW dilution PAH concentration was 1.5 times the ER-M (Table 2).
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Amphipod treatments
For these experiments, two groups of amphipods, having different histories of 
exposure to highly contaminated sediments, were used. One group, called “previously 
unexposed” were those cultured in QC sediment for thirty days prior to the initiation of 
the experiment. A second group, called “previously exposed” amphipods were cultured 
on either 7.5%, 15% or 30% AW sediment for thirty days prior to the experiment. 
Juvenile amphipods were harvested from the cultures for use in experiments. Based on 
the life cycle of Leptocheirus plumulosus (Emery 1997), the maximum exposure time 
estimated for juvenile amphipods in the cultures (birth to harvest) was approximately 14 
days.
Fish treatments
Predator treatments were determined by the presence or absence of fish, and the 
histories of fish exposure to sediments containing relatively high levels of anthropogenic 
contaminants. “Previously unexposed” fish were maintained in aquaria containing QC 
sediment for thirty days prior to the initiation of the experiment. “Previously exposed” 
fish were maintained in aquaria containing either 7.5%, 15% or 30% AW dilutions for 
thirty days prior to the initiation of the experiment.
Test Species
Prey: Leptocheirus plumulosus
The burrowing amphipod Leptocheirus plumulosus was used as the test species 
for this project. It has been evaluated for adherence to test species criteria proposed by
59
the EPA and U.S. Army Corps of Engineers 1991 edition of Evaluation of Dredged 
Material Proposed for Ocean Disposal: Testing Manual and Dewitt et al. (1989) (Schlekat 
et al., 1992, McGee et al., 1993, Emery et al., 1997). Those criteria include: high 
sensitivity to sediment contaminants, broad tolerance to salinity, grain size and organic 
content, high survival under control conditions, an infaunal life history, broad geographic 
range, ease of collection, handling and maintenance, ability to be cultured or available for 
collection from field year round and ecological importance.
Leptocheirus plumulosus is widely distributed in estuaries and coastal systems 
along the U.S. east coast from Cape Cod to Northern Florida (Bousfield, 1973). 
Populations are found in shallow subtidal habitats and can be found living in a variety of 
substrates ranging from mud to sand (Bousfield 1973). Although it is considered 
euryhaline, populations in Chesapeake Bay are best developed in the lower mesohaline 
portions of the estuary between 5 and lOppt (Diaz and Schaffner 1990). L. plumulosus 
occupies a u-shaped tube within the sediment where it may deposit feed by scraping 
organic material from the sediment (this has been observed in the lab, but probably not a 
natural behavior) or suspension feed by pumping water through its burrow and filtering 
out suspended food particles. These burrowing and feeding behaviors keep individuals 
in close contact with the sediment.
The life cycle of L. plumulosus under laboratory conditions is well documented. 
Individual L. plumulosus reach maturity in approximately 28 days at 25 deg. C. Adults, 
especially males, may grow to over a centimeter in length. Newly released young 
(neonates) average about 1.5 mm in length. Eggs first appear in the ovaries of females by 
12 d with the first brood size ranging from 10-20 individuals. Larger adult females may
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produce broods of 40 individuals, live to over 100 days and produce up to 6 broods. 
Females are rarely seen on the sediment surface but may leave the burrow to scavenge for 
food. Males will spend more time on the sediment surface searching and competing for 
mates (DeWitt et al. 1992).
L. plumulosus is a dominant macroinvertebrate species of the benthic food web in 
the Chesapeake Bay, where it serves as prey for various species of fish and other benthic 
predators. The population dynamics of L. plumulosus has been characterized as boom- 
and-bust because the species characteristically exhibits large population increases in the 
spring and fall and large declines in the summer and winter attributed to seasonal 
variations in food availability (Marsh and Tenore 1990).
Amphipods were collected from the field and obtained from Chesapeake Cultures 
on 6 January 2003 and placed into cultures. Cultures were prepared three days prior to 
amphipod addition to allow sediment to condition. QC sediment that had been sieved 
through a 1mm screen and then defaunated by freezing at -80°C for 24 hrs was used as 
culture sediment. After the acclimation period, amphipods were transferred into 
exposure cultures.
Predator: Fundulus heteroclitus
Fundulus heteroclitus, a member of the Cyprinodontiformes fish family, is 
abundant from the Gulf of St. Lawrence to Mexico. These small fish typically frequent 
the shallows of coves, inlets and marshes forming schools that never venture more than a 
few yards offshore (Ordize 1978; Lippson and Lippson 1997 ). In the Chesapeake Bay, 
mummichog can be found in tidal freshwater to salty bay waters (18-30ppt) (Lippson and
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Lippson 1997). Strong sexual coloration and dimorphism occurs especially during the 
spawning period (Horton 1965). Females are a brown-green color, which lightens toward 
the lower sides and belly (Perlmutter 1961). Males are silvery on the lower sides and 
yellow on belly, anal fins, ventral fins and edges of the dorsal and caudal fins (Perlmutter 
1961). Sizes of adults may reach -15 cm but smaller sizes are more common with 
females larger than males. Spawning occurs from April to August. Females deposit the 
eggs in empty mussel shells or on vegetation (Spartina altemaflora). When investigating 
the life history of Fundulus in the Delaware River, Schmelz (1964) documented the 
smallest sexually mature female to be 28 mm in standard length and the largest egg- 
bearing female to be 103 mm. Young grow quickly, reaching adult size within 1 yr. 
Feeding behavior differs between young and adults. Young tend to utilize the intertidal 
zone for 6-8 weeks typically within the vegetated marsh surface where they feed on algae 
and detrital material. As juveniles (15-20 mm standard length), the fish join the adults in 
the low marsh habitat on the seaward edge of marshes and function as predators (Kneib 
1986). A typical adult diet may include detritus, crustaceans, worms, mollusks and small 
fish. It is common to find the diet of F. heteroclitus reflecting prey availability (Baker- 
Dittus 1978).
F. heteroclitus is extremely tolerant of changes in salinity and temperature 
making it ideal for laboratory studies. Salinity tolerance of F. heteroclitus was found to 
be between 0.0 and 120.3 ppt (Griffith 1974) and survival at temperatures between -1.5 
C and 36.3C  documented (Umminger 1972; Garside and Chin-Yuen-Kee 1972). 
Additionally, F. heteroclitus can be found surviving in highly polluted systems 
suggesting an adaptive response to contamination (Armknecht et al 1998).
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Fundulus heteroclitus, mummichog, were collected from the York River using 
minnow traps. Fish were captured between 13 January and 1 February, 2003. Fish were 
slowly acclimated to lab temperature in aquaria at a rate of 2°C per day. Salinity at the 
collection site was similar to the salinity of lab seawater. Seawater in the aquaria was 
renewed every other day with feeding occurring every day until experiment initiation. 
Fish were fed live brine shrimp to maintain exposure to living prey.
Experimental Chambers
An experimental chamber consisted of a 17 L polyethylene bin containing six, 
two-thirds full 60 ml cups of sediment (Figure 1). Three cups contained QC sediment 
and the other three contained one of the AW dilutions. Reference chambers contained 
six cups with QC sediment. The arrangement of cups within the chambers and the 
arrangement of chambers within the experimental system were random. Experimental 
chambers were prepared three days prior to amphipod addition. During this period the 
cups were submerged in filtered seawater.
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Control Chamber Treatment Chamber
= Q u een s Creek
= Atlantic W ood Dilutions (7.5%, 15% or 30%)
Figure 1. Diagram of experimental chamber design showing control and treatment 
chambers. A reference chamber contained QC sediment only. Treatment chambers 
consisted of three cups containing QC sediment and three cups containing either 7.5, 15 
or 30% Atlantic Wood sediment dilutions.
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Culture Design and Care
In the laboratory, cultures tubs were filled with QC sediment to a depth of 1 cm 
and with filtered seawater under gentle aeration. The culture systems were then allowed 
to equilibrate for 76 hrs before the addition of amphipods. Twelve cultures containing 
500 amphipods each were prepared to provide the required number of amphipods for the 
nine exposure cultures (3 sediment treatments x 3 replicates). Cultures were maintained 
at 15ppt and 19-23°C. Feeding and 60% water renewal was conducted every other day. 
Filtered seawater lpm  was diluted with distilled water to the desired salinity and brought 
to room temperature prior to water renewals. Feeding was accomplished by preparing an 
algal solution (T. weiss). Enough solution was prepared to provide each amphipod with 
at least 2 mg of algal cells per feeding.
Cultures for exposing amphipods to sediments from AW were prepared in the 
same manner using the 30%, 15% and 7.5% sediment dilutions (3 sediments x 3 
replicates = 9 cultures). Amphipods were removed from acclimation cultures by sieving 
and were counted and sorted into approximately equal proportions of adults: juveniles: 
neonates at 500 amphipods per culture. Water renewal and feeding protocols were the 
same as for the acclimation cultures. After the 30 day exposure period, the cultures were 
sieved and juveniles (those retained on the 500 pm screen after passing through 1 mm) 
from a particular culture treatment were combined. The amphipods were then counted 
and sorted into holding cups to be distributed among the experimental chambers.
Experimental protocol
Seawater was drained from experimental chambers to just below the tops of the
cups so as to isolate each cup. Five amphipods were randomly assigned to each cup and
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allowed 2 hours to establish burrows. After two hours, the water level in the chambers 
was carefully raised by adding filtered seawater. Predators (fish) were then introduced as 
appropriate for the treatment. The chambers were undisturbed for twenty-four hours. At 
the conclusion, fish were removed and the water level reduced to below cups. Chambers 
were randomly selected one at a time and the cups sampled. The sediment in each cup 
was rinsed through a 250 pm sieve to collect amphipods. The remaining material was 
rinsed into jars and fixed with 10% (v/v) formalin. When all cups in a chamber were 
sieved, the chamber was rinsed and the contents preserved in 10% (v/v) formalin. 
Samples were processed and the number of amphipods in each cup and chamber 
recorded. Due to >95% mortality in 15% and 30% AW exposure cultures, insufficient 
numbers of amphipods were available for use in experiments.
Control sediment test
To test that migration was a function of sediment contamination and not some 
other factor, an experiment using an alternative control sediment was conducted. 
Sediment from Monday Creek (MC) (37° 16’ 10” N; 76° 23’ 20” W) was the alternative 
control. Monday Creek is a tributary at the mouth of the York River, Va. It is 
characterized by relatively healthy marsh and stands of forest interspersed with single 
family residences. Chambers were prepared as above. Control chambers contained 
Queens Creek and Monday Creek sediment cups. Treatment chambers contained 
Monday Creek and 15% AW sediment cups.
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Terms and equations
The following terms explain the possible fates of amphipods in experimental 
chambers and the equations used to calculate the terms. Figure 2 illustrates the possible 
fates of amphipods in chambers with and without fish.
Mortality as a function of factors other than predation was determined using the results 
from chambers without fish predators. The equation is:
Mortality = (original number of amphipods in chamber) -  ANf (recovered)
Where ANF = Total number of live amphipods recovered from experimental chambers 
containing no fish.
Migration is defined as the difference between the total number of live amphipods 
recovered in a chamber and the number found burrowed within sediments in the absence 
of fish. The equation is:
Migration = ANF (recovered) -  ANF (burrowed in sediment cups)
Where AnF = Number of amphipods recovered in chambers containing no fish, which 
may include amphipods that migrated.
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Predation is defined as mortality in the presence of fish over and above the mean 
mortality observed in the absence of fish for each sediment treatment.
Predation = AF -  Mean mortality for sediment treatment
Where AF = Number of amphipods recovered in chambers containing fish, which may 
include amphipods that migrated.
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Results
Physical Parameters
Grain sizes for all sediment treatments were similar (Appendix I). Temperature 
of the seawater in test chambers at the beginning of the experiment was 19° C and ranged 
from 18 to 23° C at the conclusion of the experiment. Salinity in test chambers remained 
constant at 16 ppt.
Fish Size
Previously unexposed fish were similar in length and weight to previously 
exposed fish. Although there appears to be a trend of decreasing size for exposed fish 
from 7.5 to 30% AW exposure aquaria, the means are not significantly different for 
length or weight (t-test; t-value= -1.11, -0.54; p=0.2746, 0.5912 respectively).
Unexposed fish size did not vary among treatment chambers. (Appendix I)
Control sediment test
Chambers containing both QC and Monday Creek (MC) sediment indicated no 
difference in the mean number of amphipods per cup (t-test; t-value=1.82; p=0.0829). In 
chambers containing Monday Creek and 15% AW sediments, amphipods migrated from 
the AW cups into the Monday Creek cups. The mean number of amphipods found in 
Monday Creek cups was 8.3 compared to 0.22 for 15% AW cups (t-test; t-value=7.92; 
p<0.0001) (Appendix II).
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Mortality
Unexposed Amphipods:
Mean mortality of unexposed amphipods in chambers containing QC sediment 
only was 1.3 (SE ± 0.33), with a maximum of 8.3 (SE ± 1.7), in chambers containing 
30% AW (Table 3, Fig. 3). There was a trend toward higher mortality as sediment 
contamination increased, although sediment treatment only explains 30.5% of the 
variance (p=0.050) (Fig. 4). High variability in the 15% AW chambers with a mean of 
3.7 (SE ± 3.2), weakened the relationship.
Exposed Amphipods:
After 24 hrs in 7.5 % AW sediment chambers, mortality of amphipods previously 
exposed to AW 7.5% sediment was significantly lower than the mortality of unexposed 
amphipods cultured in QC sediment (t-test, t-value=-3.62; p=0.022) with means of 1.0 
(SE ± 1.0) and 6.7 (SE ± 1.2), respectively (Table 4, Fig. 3).
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Table 4. Paired t-test comparing the mean mortality of unexposed and exposed 
amphipods in 7.5% AW chambers. Bold p value indicates significance at alpha 0.05.
Mean 
amphipods / chamber
SE Mean Difference
(UA-EA)
DF t value p value
6.7 1.2019
5.7 4 -3.62 0.0223
1.0 1
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Figure 3. Mortality of unexposed and exposed amphipods for each sediment 
treatment. Sediment treatment refers to the dilution of Atlantic Wood sediment 
present in the experimental chamber. The range was from 0% to 30%. With 0% 
being Queens Creek sediment. Error bars are SE. The asterisk indicates significant 
difference between the mean mortality of unexposed and exposed amphipods in 7.5% 
AW chambers at alpha 0.05 (t-test, t= -3.62; p=0.022).
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Figure 4. Linear regression of unexposed amphipod mortality versus sediment 
treatment. The regression is significant at alpha 0.05. Sediment treatment labels as in 
Fig. 1.
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Migration
Unexposed Amphipods:
A  one-way ANOVA indicates a significant effect of sediment treatment on 
migration of previously unexposed amphipods (F=7.02; p=0.0099) with significant 
differences between the mean number migrating in control chambers (2.0, SE ± 1.0) 
and 30% AW chambers (10.3, SE ± 1.1) (Tukey’s test) (Tables 3 and 5, Fig. 5). The 
relationship between sediment treatment and migration is effectively modeled as a 
non-linear hyperbolic regression curve (r2=0.689; p=0.0029) with a rapid increase in 
migration from 0 to 7.5% AW and the approach of an asymptote at 30% AW (Fig. 6).
Exposed Amphipods:
Exposed amphipods in 7.5 % ER chambers demonstrated lower migration, 
although not significant, than unexposed amphipods in chambers of the same 
treatment (t= 2.16 p=0.0972) with means of 2.7 (SE ± 0.88) and 7.3 (SE ± 1.5) 
respectively (Table 6, Fig. 5).
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Table 5. One-way ANOVA for the effect of sediment treatment on
migration of unexposed amphipods. Bold p indicates significance at alpha
0.05.
Source DF SS MS F P
sediment treatment 3 120.27 40.09 7.02 0.0099
error 9 51.42 5.71
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Figure 5. Migration of unexposed and exposed amphipods by sediment treatment. 
Error bars are SE. One-way ANOVA found a significant effect of sediment treatment 
on migration (F=7.02; p=0.0099). Unexposed amphipod migration means covered by 
the same line indicate no statistical difference at alpha 0.05 (post hoc Tukey’s test). 
There was no significant difference in migration means of unexposed and exposed 
amphipods in 7.5% AW chambers. Sediment treatment labels as in F ig.l.
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Figure 6. Regression relationship for unexposed amphipod migration versus 
sediment treatment. Bold p value indicates statistical significance of regression at 
alpha 0.05. Sediment treatment labels as in Fig. 1.
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Predation
There was no significant effect of sediment treatment (one-way ANOVA) on 
predation of unexposed amphipods for unexposed (F=1.37; p=0.3120) or exposed fish 
(F=1.16; p=0.3750) (Tables 7 and 8, Figs. 7 and 8). Fish exposure history did not 
affect predation of unexposed amphipods in any sediment treatment (Table 9). 
Overall, an effect of amphipod exposure on mean predation was detected by a t-test 
with more exposed amphipods (19.2, SE ± 2.2) consumed than unexposed amphipods 
(11.4, SE ± 0.90) (t=3.81; p=0.0009) (Table 10, Fig. 9). Additionally, almost twice as 
many exposed amphipods (18.3, SE ± 1.9) were eaten in 7.5% AW chambers 
containing unexposed fish than unexposed amphipods (9.6, SE ± 0.70) in chambers of 
the same treatment (t=4.41; p=0.0116) (Table 11, Fig. 7). There was no difference in 
mean consumption of unexposed (14.0, SE ± 3.5) and exposed amphipods (20.0, SE ± 
4.6) in 7.5% AW chambers containing exposed fish (t=1.05; p=0.3536) (Table 11,
Fig. 8).
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Table 7. One-way ANOVA for the effect of sediment treatment on the predation of
unexposed amphipods by unexposed fish.
Source DF SS MS F P
sediment treatment 3 33.89 11.3 1.37 0.312
error 9 74.00 8.22
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Table 8. One-way ANOVA for the effect of sediment treatment on the
predation of unexposed amphipods by exposed fish.
Source DF SS MS F P
sediment treatment 2 42.6 21.3 1.16 0.375
error 6 110.0 18.3
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Figure 7. Predation of unexposed and exposed amphipods by unexposed fish. Error 
bars are SE. The asterisk indicates significant difference between mean number of 
unexposed and exposed amphipods consumed in 7.5% AW chambers (t-test 
p=0.0116). Sediment treatment labels as in Fig. 1.
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Figure 8. Predation of unexposed and exposed amphipods by exposed fish. Error 
bars are SE. There is no 0% sediment treatment because exposed fish were not used 
in chambers containing QC sediment only.
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Figure 9. Overall predation of unexposed and exposed amphipods for all sediment 
treatments combined. Error bars are SE. The asterisk indicates statistical difference 
between the mean number of unexposed versus the mean number of exposed 
amphipods consumed (t-test, t-value=3.81; p=0.0009).
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Discussion
Effects on prey:
The fate of amphipods was affected both by the presence of sediment 
contamination and the history of exposure to contamination. Previously unexposed 
amphipods demonstrated higher migration from AW sediments than QC sediments 
indicating an avoidance response. Carman and Todaro (1996) documented avoidance 
of polycyclic aromatic hydrocarbons (PAHs) by the copepod Pseudostenhelia wellsi 
even at low concentrations. The major contaminants found in the Atlantic Wood, 
sediment are PAHs derived from creosote (Lu 1982; Huggett et al. 1984; Padma et al 
1998; Hall et. al 2002). Nitrogen, sulfur and oxygen heterocyclics are also derived 
from creosote and have been shown to be toxic at low concentrations (Lotufo et al. 
2001). Even at the lowest dilution (7.5% AW), amphipods were capable of detecting 
the contamination and altering their behavior to escape the stressor.
Sousa (1984) suggested that unfavorable conditions can affect communities 
by eliciting a behavioral avoidance response resulting in the migration of organisms 
to new environments where predation may be higher. The concept was tested by 
Kolar and Rahel (1993) by investigating the influence of hypoxia on benthic 
invertebrates in the presence and absence of a predator. They found that in the
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absence of fish, all taxa tested moved out of the refuge into areas of higher oxygen 
concentration during periods of hypoxia, but in the presence of the predator only 
highly mobile and less tolerant taxa migrated to higher oxygen concentrations where 
they were consumed by fish. Previously unexposed amphipods exhibited similar 
behavior, with high migration from AW sediments; however, predation was high in 
all treatments including chambers containing QC sediment only, meaning increased 
migration did not result in increased predation. In a natural system with unaffected 
predators and prey, moderate predation is expected, but changes in prey refuge use 
can result in population fluctuations (Knowlton and Highsmith 2000).
Due to the limited number of amphipods in experimental chambers and the 
short duration of the experiment, I was not able to statistically detect different 
predation levels in chambers containing contaminated sediment above and beyond 
that of control chambers. I predict based on my observations and results that 
experiments designed to ameliorate the above listed problems will be able to correlate 
sediment contamination with increased predation and show increased migration from 
contaminated sediments to be the driving factor.
Evidence for tolerance of 7.5% AW sediment by exposed amphipods was 
indicated by significantly lower mean mortality versus unexposed amphipods. 
Clements (1999) showed benthic macroinvertebrates from metal polluted sites were 
more tolerant to metals than benthic macroinvertebrates from unpolluted sites. 
However, Clements also showed the organisms from unpolluted sites to be more 
prone to predation than the organisms from polluted sites.
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Exposed amphipods were less likely to migrate than unexposed amphipods, 
yet more likely to be consumed than unexposed amphipods. Thus, predation must 
have been occurring while the amphipods were in the cups. I propose although 
previously exposed amphipods demonstrated tolerance of the 7.5% AW sediment 
their ability to avoid predators was impaired. During reburial trials (Chapter 1) 
previously exposed amphipods were commonly observed at the sediment surface or 
emerging from the sediment shortly after initial reburial (personal observation). If 
previously exposed amphipods in the predator-prey experiments displayed similar 
behavior to amphipods in the reburial trials, then they would be more accessible (on 
or near the sediment surface) to predators even though they remained in the cups. 
This may explain high predation at low migration. Additionally, predation was the 
most important factor affecting survival for previously exposed amphipods.
Trade-offs:
The behavioral differences between previously unexposed and exposed 
amphipods provide an interesting look at trade-off scenarios. Observations on the 
balancing of optimal foraging (energy consumption) and predation risk suggest that 
trade-offs are common in many different organisms and that in general organisms 
preferentially avoid predation by sacrificing optimal foraging (Lima and Dill 1989; 
Sih 1992). However in situations where there is a direct and immediate threat to the 
organism’s condition or survival (i.e. hypoxia or contaminants), organisms will risk
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predation in order to escape or avoid the stressor (Johansson 1997; Clements 1999; 
Halpin 2000; Taylor and Eggleston 2000).
The observed behavioral responses of previously unexposed amphipods could 
be a trade-off by the organism, where increasing predation risk via migration 
outweighs the risk to survival posed by the sediment contamination. In order for 
migration to be beneficial, the risk of mortality associated with remaining in the 
sediment should be higher or comparable to the risk of predation. The results show 
migration being low in control chambers where mortality was low and increasing in 
contaminated chambers where mortality was higher (Table 3). Mean mortality 
ranged from 1.3 amphipods per control chamber to 8.3 amphipods in 30% AW 
chambers, a greater than 6 fold increase, whereas predation ranged from 8.0 
amphipods per control chamber to 12.6 amphipods per 15% ER chamber, only a 1.5 
fold increase. Since predation changes minimally with increasing sediment 
contamination compared to mortality, migration in the presence of fish is beneficial. 
In other words, predation is an equally important factor affecting survival in all 
treatments but mortality becomes an increasingly important factor with increasing 
sediment contamination and thus drives migration behavior.
The importance of the trade-off can be assessed by comparing the behavior of 
previously unexposed (discussed above) and exposed amphipods. Behavior of 
previously exposed amphipods (low mortality + high predation = low migration) 
appears to be consistent with the trade-off criteria and comparable to the behavior of 
unexposed amphipods in control chambers, although the predation of exposed
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amphipods is higher. This indicates that tolerance of sediment contamination may 
not be as important to survival as the ability to detect and avoid sediment 
contamination.
Effects on the predator:
Predation also changed with predator exposure history. I predicted exposed 
fish would consume significantly fewer prey than unexposed fish. Previously 
exposed fish amphipod predation was not significantly different from previously 
unexposed fish amphipod predation, contrary to most studies. In almost all studies on 
the effects of contaminant exposure on fish predation ability, the number of prey 
consumed by exposed fish is significantly lower than the number of prey consumed 
by unexposed fish. (Kruzynski and Birtwell 1994; Bryan et. al. 1995; Smith and 
Weis 1997; Kasumyan 2001; Zhou et al. 2001). This result may be explained by 
observations of fish behavior and the experimental chamber design. During the 
exposure period it was noted that fish in aquaria with contaminated sediment (AW 
75.%, 15% and 30%) spent much of the time resting on or buried in the sediment.
Fish in aquaria containing QC sediment spent much of the time swimming in the 
water column. While in the experimental chambers, fish demonstrated similar 
behavior putting exposed fish in closer proximity and contact with the refuge cups 
and the bottom of the chamber. This is also where amphipod migration activity 
occurred potentially increasing the encounter rate of exposed fish with amphipods 
relative to the encounter rate of unexposed fish, which spent more time in the water
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column. Again, a larger system allowing for the use of more amphipods and longer 
experiment duration could lead to results consistent with those of other predation 
studies.
Effects on predator-prey interactions:
Combining the results of both predator performance (consumption of 
amphipods by fish) and predator avoidance (consumption of unexposed versus 
exposed amphipods) it is possible to assess to which direction the predator-prey 
relationship is skewed. Figure 10 illustrates the predicted predation outcomes based 
on equal impairment of predator and prey. According to Menge and Olson (1990) the 
consumer stress model predicts that when the consumer is under high environmental 
stress, predation will be low. In this study, both predators exposed to high and low 
environmental stress demonstrated high predation disqualifying the application of the 
consumer stress model to this study (Fig 11). The prey stress model predicts that 
predation will be high if prey are under high environmental stress relative to 
predators. More previously exposed amphipods were consumed than previously 
unexposed amphipods regardless of fish exposure supporting the prey stress model 
(Fig. 11). This may explain the relatively high predation in all treatments.
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Conclusion
Notable effects on unexposed amphipod behavior occurred at the lowest 
dilution of AW sediment contamination suggesting the 7.5% AW treatment was 
above the “no observable effect” threshold. Apparent tolerance to direct mortality 
was observed for previously exposed amphipods in the 7.5% AW chambers; 
however, predation was higher than that of unexposed amphipods. Based on these 
results, the best strategy for prey is avoid exposure to sediment contamination even at 
low levels because even if prey are tolerant to direct mortality (toxic effects of 
sediment contamination), indirect mortality (predation) has the potential to be high.
Amphipods appear to be more susceptible to behavioral effects than fish but 
this result cannot be soundly confirmed due to the possibility that factors other than 
exposure to sediment contamination influenced higher predation by exposed fish. 
Nonetheless, this study was able to identify significant effects on the predator-prey 
relationship of Fundulus heteroclitus and Leptocheirus plumulosus at the lowest 
experimental levels of sediment contamination. Even minor shifts in these 
relationships caused by low contaminant concentrations can alter population and 
community structure resulting in ecosystem degradation. Because of this, these 
results have significant implications for developing effective remediation strategies.
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Appendix I
Table 1. Mean lengths (mm) and weights (g) with standard error of unexposed 
and exposed fish at the conclusion of experiment
Unexposed Fish
Sediment Treatment Mean Length (mm) SE Mean Weight (g) SE
QC 49.3 2.5 1 0.23
7.5% AW 46.2 3.9 0.92 0.16
15% AW 49.2 7.8 1.2 0.5
30% AW 50 5.3 1.3 0.2
Exposed Fish
Sediment Treatment Mean Length (mm) SE Mean Weight (g) SE
QC
7.5% AW 54.8 7.1 1.6 0.72
15% AW 49.8 4.4 0.98 0.2
30% AW 44.3 7.5 0.77 0.6
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Creek sediment cups. Error bars are SE. An initial five amphipods were in each cup.
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